ABSTRACT: Nematodes represent a diverse phylum of both free living and parasitic species. While the species Caenorhabditis elegans is a valuable model organism, parasitic nematodes or helminths pose a serious threat to human health. Indeed, helminths cause many neglected tropical diseases that afflict humans. Nematode glycoconjugates have been implicated in evasive immunomodulation, a hallmark of nematode infections. One monosaccharide residue present in the glycoconjugates of several human pathogens is galactofuranose (Galf). This five-membered ring isomer of galactose has not been detected in mammals, making Galf metabolic enzymes attractive therapeutic targets. The only known pathway for biosynthetic incorporation of Galf into glycoconjugates depends upon generation of the glycosyl donor UDP-Galf by the flavoenzyme uridine 5′-diphosphate (UDP) galactopyranose mutase (UGM or Glf). A putative UGM encoding gene (glf-1) was recently identified in C. elegans. We sought to assess the catalytic activity of the corresponding gene product (CeUGM). CeUGM catalyzes the isomerization of UDP-Galf and UDP-galactopyranose (UDP-Galp). In the presence of enzyme, substrate, and a hydride source, a galactose−N5-FAD adduct was isolated, suggesting the CeUGM flavin adenine dinucleotide (FAD) cofactor serves as a nucleophile in covalent catalysis. Homology modeling and protein variants indicate that CeUGM possesses an active site similar to that of prokaryotic enzymes, despite the low sequence identity (∼15%) between eukaryotic and prokaryotic UGM proteins. Even with the primary sequence differences, heterocyclic UGM inhibitors developed against prokaryotic proteins also inhibit CeUGM activity. We postulate that inhibitors of CeUGM can serve as chemical probes of Galf in nematodes and as anthelmintic leads. The available data suggest that CeUGM facilitates the biosynthetic incorporation of Galf into nematode glycoconjugates through generation of the glycosyl donor UDP-Galf.
N ematodes are a serious threat to agriculture, 1 livestock, 2 and human health. 3 Plant parasitic nematodes cause estimated crop losses of US$100 billion annually, 4 and some 4 billion people worldwide are infected or at risk of nematode infection. 5 Helminth infection and modulation of the host immune response are areas of intense research. 6, 7 Glycoconjugates displayed on the surface of helminths are thought to be major contributors to the observed immunomodulation. 8−11 Indeed, several nematode glycoconjugates have been structurally characterized 12 and shown to alter human immune responses.
13−16 A more thorough understanding of nematode glycoconjugate biosynthesis can lead to new strategies for combating human helminth infections. The value of such studies is mounting as many helminth strains are becoming increasingly resistant to current chemotheraputics. 2, 17, 18 A recently described gene in Caenorhabditis elegans, glf-1, is intriguing as it appears to encode a uridine 5′-diphosphate (UDP) galactopyranose mutase (UGM). 19, 20 UGM flavoproteins catalyze the production of the glycosyl donor UDP-Galf from UDP-Galp (Figure 1) . 21 The monosaccharide Dgalactofuranose (Galf) is the thermodynamically disfavored, five-membered ring isomer of galactose. Galf residues are absent in mammals, yet they are a prominent component of glycoconjugates from several bacterial, fungal, and protozoan pathogens. 22−24 A heterologous lipopolysaccharide (LPS) synthesis assay suggests that the glf-1 gene product mediates UDP-Galf biosynthesis. 19 Intriguingly, C. elegans glf-1 deletion mutant experiments indicate that the enzyme is essential. 25 Still, Galf residues have yet to be identified in a nematode glycan, and the catalytic activity of CeUGM has not been evaluated. 24, 26 Evidence is emerging for the importance of UGM in the assembly of Galf-containing glycoconjugates that contribute to the viability or virulence of prokaryotic and eukaryotic pathogens. Within the mycobacterial cell wall, a polymer composed of Galf residues, termed the galactan, anchors the mycolic acids to the peptidoglycan. Genetic deletion 27 or chemical inhibition 28 of UGM prevents mycobacterial growth. Eukaryotic UGMs also have been investigated. For example, deletion of the gene encoding the UGM in the opportunistic fungus Aspergillus f umigatus abates virulence and decreases cell wall thickness, thereby enhancing sensitivity to antifungal agents. 29 Genetic disruption of the UGM gene 30, 31 or a putative galactofuranosyl transferase gene (LPG1) 32, 33 in Leishmania major leads to attenuated infectivity of the parasite and increased susceptibility to human complement and oxidants. These reports suggest that Galf-containing glycans are essential for the viability of several human pathogens.
All organisms that incorporate galactofuranose into their glycans use the building block UDP-Galf, the product of UGM catalysis. We therefore investigated the protein encoded by the C. elegans gene glf-1 ( Figure S1 , Supporting Information). Our results indicate that the glf-1 gene product (CeUGM) catalyzes the interconversion of UDP-Galp and UDP-Galf. The kinetic parameters of CeUGM are in the range of other eukaryotic homologues. 34, 35 In addition, we provide biochemical data that the flavin cofactor of CeUGM participates in covalent catalysis (Figure 2 ), a result that is consistent with previous mechanistic studies of UGM homologues from other species. 36−38 These data prompted us to devise a homology model for CeUGM, and its validity is supported by the catalytic activities of CeUGM variants. Small molecule inhibitors developed against prokaryotic UGMs also block CeUGM. Thus, we report the first inhibitors of a eukaryotic UGM. 28, 39 ■ MATERIALS AND METHODS Cloning, Expression, and Purification of CeUGM. The glf-1 ORF was amplified by PCR using PfuTurbo DNA Polymerase (Stratagene) from a pET3a:glf-1 construct 19 generously provided by Professor Stephen Beverley (Washington University in St. Louis School of Medicine) using the forward primer 5′-GACCACAACGGTTTCCCTCTAGAA-ATAATTTTG-3′ and the reverse primer 5′-GCAGCCGGA-TCCGCGGCCGCTCCCCGTGGAATAGTTGG-3′. The forward and reverse primers added an XbaI and NotI restriction site, respectively. The purified PCR product and pET-24a vector were digested with XbaI and NotI restriction endonucleases (Promega). The resulting products were purified using the QIAquick PCR Purification kit (Qiagen). Digested pET-24a vector and glf-1 insert were ligated using T4 DNA ligase (Promega). The presence of glf-1 with a vector encoded C-terminal hexahistidine (His 6 ) tag was confirmed by DNA sequence analysis. The pET-24a:glf-1 construct was used as template DNA for generating point mutants via site-directed mutagenesis using the QuickChange kit (Stratagene). The oligonucleotide primer sequences used for generating each mutant can be found in Table S1 of the Supporting Information.
The pET-24a:glf-1 construct was transformed into competent Escherichia coli BL21(DE3) cells (Novagen). Cultures were grown in LB medium supplemented with 50 μg/L kanamycin at 37°C until OD 600 = 0.6 was reached. Cells were cooled to 20°C and protein overexpression was induced upon the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to 0.1 mM. Cells were grown for 18 h at 20°C and then harvested by centrifugation (5000g). Pellets were resuspended in buffer containing 20 mM potassium phosphate (pH 7.4), 25 mM imidazole, 300 mM sodium chloride, and 15% glycerol. Cells were disrupted by lysozyme, 0.1% Triton X-100, and sonication (Branson 450 sonifier). Lysates were cleared with centrifugation (22000g) and filtration (0.45 μM). Cleared lysate was purified with immobilized nickel-ion chromatography using a HisTrap HP column (GE Healthcare) on an AKTA FPLC (Amersham Biosciences). Protein was eluted with a linear gradient of 25−500 mM imidazole in 50 mM potassium phosphate (pH 7.4), 300 mM sodium chloride, and 15% glycerol. Typical yields were 4 mg/L. Fractions of CeUGM, >90% pure, were pooled and dialyzed against a solution of 50 mM potassium phosphate (pH 7.4), 500 mM sodium chloride, 2 mM dithiothreitol (DTT), and 15% glycerol. Protein concentration was determined by absorbance of the flavin cofactor at 450 nm (ε 450 = 11300 M −1 cm
−1
). Protein was aliquoted, vitrified in liquid nitrogen, and stored at −80°C. The precursor to Galf-containing glycans is UDP-Galf, which is generated by the enzyme UDP-galactopyranose mutase (UGM or Glf). UGM catalyzes the isomerization of UDP-Galp and UDP-Galf. Enzymatic Activity. The activity of CeUGM was measured using an HPLC-based assay with minor modifications. 40, 41 Reactions were performed in 50 mM potassium phosphate (pH 7.0) and 10 mM fresh sodium dithionite at 22°C. The reaction was initiated with the rapid addition of chemically synthesized UDP-Galf to the enzyme solution. 42 The time that each reaction was allowed to proceed was adjusted to ensure the conversion of UDP-Galf to UDP-Galp was under 10%. Reaction mixtures were quenched with the addition of an equal volume of 1:1 chloroform/methanol. The aqueous portion was removed and analyzed using a CarboPac PA-100 column (Dionex) on a Waters HPLC system. Reaction substrate (e.g., UDP-Galf) and product (e.g., UDP-Galp) were separated via isocratic elution using 200 mM ammonium acetate (pH 8.0), and the eluate was monitored at 262 nm. Initial reaction rates were calculated based on the concentration of substrate and the percentage converted as determined by integration of the HPLC chromatograph. Kinetic parameters were determined by nonlinear regression analysis using Graphpad Prism 4. Quantified error represents the standard error of the mean. The activities of CeUGM variants R187A and R336A were measured at 100 μM UDP-Galf, or ∼12 times the K M value for the wild-type enzyme. The activity of the variants was decreased to a level in which the kinetic and binding constants could not be reliably determined. Here, data were normalized to the activity measured from the wild-type sample.
UV−Visible Spectroscopy. UV−visible absorbance spectra of wild-type, R187A, and R336A CeUGM, or free FAD were taken in a Cary 50 Bio UV−visible spectrophotometer (Varian) using a 1 cm cuvette. As a blank, 50 mM potassium phosphate (pH 7.4), 500 mM sodium chloride, and 15% glycerol was used. Spectra were normalized to 450 nm.
Far-UV Circular Dichroism (CD). Wild-type, R187A, and R336A CeUGM were dialyzed into 20 mM potassium phosphate (pH 7.0) and 15% glycerol. Protein concentrations were determined using the BCA Protein Assay (Pierce). Samples were diluted to roughly 3 μM. Spectra were collected in a model 202SF circular dichroism spectrophotometer (AVIV Instruments) using a quartz cuvette with a 0.1 cm path length. Data were collected every 1 nm from 197 to 300 nm using seven shot averages at 22°C. A baseline scan of a solution of 20 mM potassium phosphate (pH 7.0) and 15% glycerol was subtracted from each sample. Molar ellipticities (ME; deg cm 2 / decimol) were calculated using the equation ME = MRWθ/ (10lC) where MRW is the mean residue weight (114.36 for CeUGM-His 6 ), θ is the ellipticity in degrees, l is the path length in centimeters, and C is the concentration is g/mL. Data were plotted using Igor Pro (WaveMetrics).
Clustal W Alignment. Putative UGM proteins from three eukaryotes and three prokaryotes were selected for Clustal W analysis using MegAlign in the Lasergene 8 Suite (DNASTAR). Eukaryotic UGMs include Caenorhabditis elegans (CeUGM), H04M03.4; Leishmania major (LmUGM), AAX09638; Aspergillus f umigatus (AfUGM), CAI38754. Prokaryotic UGMs analyzed consist of Mycobacterium tuberculosis (MtUGM), NP_218326; Klebsiella pneumoniae (KpUGM), KP1_3695; Escherichia coli (EcUGM), ACD37140. Proteins were aligned using the default Clustal W Method parameters on the slow and accurate mode. Residues that were conserved in every species are highlighted in red.
Homology Model. The homology model of CeUGM was generated using the "Automated Mode" of SWISS-MODEL with default parameters. 43 Full-length protein was used as the query. As a target, UGM from M. tuberculosis (PDB code: 1V0J) was selected. 44 The UGM from M. tuberculosis (PDB code: 1V0J) was chosen as a template because the 2-aminothiazole inhibitors assayed here were identified, optimized, and characterized against MtUGM. The model, residues 2−473 of CeUGM, was viewed and analyzed using PyMOL.
Intermediate Trapping. A solution of CeUGM, sodium dithionite, and UDP-Galp was allowed to equilibrate for 1 min. Solid sodium cyanoborohydride was added to a concentration of 1 M. After 30 min, sodium chloride was added to a final concentration of 1 M to facilitate the extraction of the FAD cofactor. Protein was precipitated with heat, and the soluble components were collected. The buffer was exchanged using a Sep-Pak C18 cartridge (Waters). To elute the sample, 10 mM ammonium acetate (pH 6.4) in 1:1 water/methanol was added. The eluate was concentrated to dryness using a SpeedVac SC100 (Varian) under vacuum. Samples were analyzed sequentially using a C18 column on a Shimadzu electrospray ionization HPLC-MS with the mass analyzer in both positive and negative ion mode. For mass assignment, positive ion mode was used.
Chemical Inhibition. Compounds 3−5 were synthesized as previously reported. 28 For percentage inhibition and IC 50 determination, solutions of CeUGM, sodium dithionite, 12 μM UDP-Galf, and compound (at various concentrations from DMSO stocks) were assessed in the aforementioned HPLCbased product formation assay for catalytic activity. Compound stocks were adjusted such that 1% dimethyl sulfoxide (DMSO) was present in each reaction. As a vehicle control, 1% DMSO was used. The IC 50 values were calculated using the One Site Competition Model from Graphpad Prism 4. Quantified error represents standard error of the mean. To assess the mode of inhibition of the 2-aminothiazoles described above, reaction kinetics were determined in the presence of varying concentrations of compound 3. Data were fit using nonlinear regression analysis. The double reciprocal plot was generated and fit using Graphpad Prism 4 (GraphPad Software).
■ RESULTS AND DISCUSSION
Purification of CeUGM and Initial Velocity Kinetic Analysis. On the basis of sequence analysis and an LPS synthesis assay, 19 the C. elegans genome appears to encode a UGM, glf-1. To assess directly the activity of the gene product, we produced it as a His-tagged protein in E. coli. The resulting protein gave rise to a UV−visible absorbance spectrum with absorbance maxima near 380 and 450 nm ( Figure S2A ), a spectral signature indicative of a flavoprotein. We then evaluated the enzymatic activity of recombinant CeUGM using an HPLC-based assay. 40, 41 Recombinant protein was incubated with synthetic UDP-Galf under reducing conditions, 42 because reduction of the flavin cofactor is essential for UGM catalytic activity. 45 Recombinant CeUGM catalyzed the isomerization reaction ( Figure S3 ).
Steady-state kinetic parameters were determined from the initial velocities of UDP-Galp production over a range of UDPGalf concentrations (Figure 3) . The K M and k cat values are approximately 10-fold lower for CeUGM than those reported for prokaryotic UGMs ( Table 1 ). The catalytic efficiency (k cat / K M ) of CeUGM, however, is similar to that of the UGM from L. major, the nearest homologue of CeUGM characterized to date. 34 Prior protein localization studies using a CeUGM::GFP fusion revealed that the enzyme is produced in C. elegans seam cells. 25 Seam cells are involved in nematode surface glycoconjugate biosynthesis. All of the available data, therefore, suggest that the biological function of CeUGM is to generate UDP-Galf. This building block then can serve as a glycosyl donor for yet unidentified C. elegans galactofuranosyl transferases. Thus, a catalytically competent UGM is produced in a multicellular organism.
Covalent Catalysis via FAD. In 2004, our group provided direct evidence that prokaryotic UGM enzymes use their flavin cofactor to facilitate covalent catalysis (Figure 2) . 36 Since then, additional results have been described that are consistent with such a mechanism, including those using nuclear magnetic resonance (NMR), 37 FAD analogues, 46 ,47 other spectrophotometric methods, 36, 38 and computational approaches. 48 We were interested in whether results supporting this mechanism could be obtained using CeUGM.
Carbohydrate ring contraction via covalent catalysis by FAD is predicted to proceed through a galactose−N5-flavin iminium ion intermediate (Figure 2 ). If CeUGM catalyzes isomerization by this nucleophilic mechanism, the addition of a hydride donor should reduce the iminium ion to form a covalent adduct, compound 2 ( Figure 4) . 36 Isolation and characterization of this adduct would suggest flavin engages in covalent catalysis in evolutionarily distant eukaryotic and prokaryotic proteins. To trap the iminium ion intermediate, the reaction was initiated with CeUGM, UDP-Galp, and sodium dithionite. The resulting reaction mixture was then quenched with the hydride reducing agent sodium cyanoborohydride, the protein was precipitated, and the supernatant was analyzed using highperformance liquid chromatography mass spectrometry (HPLC-MS). In reactions containing sodium cyanoborohydride, a second peak of near equal abundance elutes prior to FAD ( Figure 4A) . Analysis of the species that gives rise to this peak using electrospray mass spectrometry indicates that the predominant ion corresponds to the covalent adduct ( Figure  4B ).
The proposal that UGM uses its flavin cofactor in covalent catalysis was initially controversial, as it invoked a new catalytic role for flavin. 36, 49 Our data from CeUGM provide additional support that UGM-catalyzed ring isomerization proceeds via covalent catalysis. A related adduct was recently reported to be trapped from the Trypanosoma cruzi UGM, although the mass and structure correspond to a C4a hydroxylated species. 38 Position C4a of the flavin isoalloxazine is the site of molecular oxygen addition during flavin reoxidation, a step not consistent with the proposed nonredox UGM mechanism and likely a byproduct of the isolation procedure. The galactose−N5-flavin covalent adduct we isolated suggests that CeUGM uses a nucleophilic flavin cofactor to catalyze isomerization of UDPGalp and UDP-Galf (Figure 2 ). We and others 50 posit that the nucleophilic character of the UGM flavin can be targeted by small molecules for potent and selective inhibition of UDP-Galf biosynthesis.
Proposed Structure and Active Site of CeUGM. Structural data have been invaluable for understanding substrate binding and the catalytic mechanism of prokaryotic UGM proteins. 37,45,51−53 Recently, two independent groups applied protein X-ray crystallography to determine the structure and investigate a potential biological reducing agent of the A. f umigatus UGM. 54−56 These studies revealed that despite differences in the prokaryotic and A. f umigatus genes, the overall structure and fold of prokaryotic and eukaryotic UGMs 27 22 81
a All constants were determined with UDP-Galf as the substrate. are similar. 54, 55 Our ability to trap a catalytic intermediate (compound 2) further suggested that the active site of CeUGM is similar to that of its prokaryotic homologues. To this end, we generated a homology model 43 of CeUGM using the UGM from M. tuberculosis (MtUGM) (PDB code: 1V0J) 44 as a template. The model predicts that the overall architecture of CeUGM and MtUGM is similar. It also indicates that the locations of many residues involved in substrate binding are structurally conserved (Figure 5A,B) . The primary sequence alignment and the homology model collectively suggest that arginines 187 and 336 from CeUGM correspond to the two arginine residues essential for substrate binding by prokaryotic proteins. 57 To test the accuracy of the homology model, two CeUGM variants were generated in which either Arg187 or Arg336 was substituted with alanine (Table S2 ). The proper folding and flavin binding of the variants was assessed by circular dichroism and UV−visible absorbance spectroscopy, respectively. The resulting spectra were nearly identical to those from wild-type enzyme ( Figure S2 ).
The homology model led us to predict that both arginine variants would exhibit significantly diminished catalytic activity. Indeed, under standard conditions, replacement of either arginine residue drastically hampers catalysis. To quantify the activity of these enzyme variants, a high substrate concentration (approximately 12-fold above the K m for the wild-type enzyme) and extended periods of incubation were employed. Because the catalytic rate of wild-type CeUGM was not linear during the extended incubations, we measured bulk catalytic activity by integration of the substrate and product HPLC trace peaks. The total fraction of UDP-Galf converted to UDP-Galp by the R187A variant was roughly one tenth of that catalyzed by the wild-type enzyme ( Figure 5C ). This diminished, but detectable, activity at a high substrate concentration indicates that our model can identify active site residues. The observation that the R187A variant shows activity when substrate concentration is high is consistent with a role for arginine 187 in substrate binding. In contrast, no activity was detected from the R336A variant even under these permissive conditions, suggesting a more critical role in enzyme catalysis. Our data are consistent with results from the A. f umigatus UGM; 54, 55 the collective experiments suggest a role for these arginine resides in coordinating the negatively charged pyrophosphoryl group of the substrate. Cumulatively, the kinetic and spectrophotometric data we present here supports our model of CeUGM. Given the similarities of the enzyme active sites of our homology model and crystallized prokaryotic enzymes, we explored whether previously identified inhibitors of the prokaryotic homologues might also inhibit CeUGM.
Chemical Inhibition of CeUGM. If the prokaryotic inhibitors are shape selective, small molecules previously shown to inhibit prokaryotic UGMs 28, 39 would also block CeUGM. Still, differences in active site sequences might make this possibility unlikely. We tested two known inhibitors of prokaryotic UGMs, compounds 3 and 4, with CeUGM ( Figure  6A ). For comparison, a compound that is inactive against prokaryotic enzymes, compound 5, was also assessed. Using the HPLC assay that monitors the production of UDP-Galp, compounds 3 and 4 were shown to be potent inhibitors of CeUGM. The IC 50 values of compounds 3 and 4 were 3.3 μM and 1.8 μM, respectively ( Figure 6B , Figure S4 , and Table 2 ).
When tested at 10 μM, compound 5 had only a modest effect on CeUGM activity. The mode of inhibition was determined by monitoring the kinetics of UDP-Galp formation by CeUGM in the presence of varying concentrations of 3. Analysis of the double reciprocal linear regression plots indicates that the active 2-aminothiazole inhibitors compete with UDP-Galf for the active site ( Figure S5 ).
The identification of small molecule inhibitors of CeUGM indicates that inhibitors of eukaryotic UGMs can be found. Of the small panel of potential 2-aminothiazole based compounds we tested, the most effective inhibitor, compound 4, had an IC 50 of 1.8 μM. Compounds such as these could be used to illuminate the effects of perturbing nematode glycans. Indeed, C. elegans serves as a useful model to investigate helminth biology 58−60  specifically the biosynthesis of glycoconjugates, their structure, and their physiological roles.
15,61−63 Glycomic analysis supports this approach as glycoconjugates in C. elegans and parasitic species are similar. 26, 64, 65 Additionally, a putative UGM was recently identified in a protein mass spectrometry study of the parasitic nematode Brugia malayi, the causative agent of human lymphatic filariasis.
66 UGM inhibitors could be used in this species and others to illuminate the roles of Galfcontaining glycoconjugates in nematodes.
Eukaryotic UGM inhibitors may have other uses. It has been previously demonstrated that Galf contributes to virulence 29 of the human fungal pathogen A. f umigatus, and remarkably, Galf constitutes ∼5% of the dry weight of the fungus. 67 The temporal control afforded with chemical genetics would allow researchers to probe the role of Galf during specific stages of infection or host colonization. We therefore anticipate that UGM inhibitors will serve as chemical probes and chemotherapeutic leads in other eukaryotes that also utilize Galf.
■ CONCLUSIONS
In summary, the glf-1 gene from C. elegans encodes an enzyme that catalyzes the isomerization of UDP-Galp and UDP-Galf. Our ability to trap a galactose−N5-flavin adduct implicates a nucleophilic flavin in the catalytic mechanism. The structural homology model we generated suggests that CeUGM possesses an active site similar to those described for other UGM proteins, a conclusion supported by results from site-directed mutagenesis. The high level of structural similarity between the predicted active sites from the CeUGM homology model and crystallized prokaryotic UGMs prompted us to test previously described inhibitors of prokaryotic proteins as inhibitors of CeUGM. 28 Intriguingly, 2-aminothiazole based compounds are competitive inhibitors of CeUGM, indicating eukaryotic UGMs are amenable to small molecule inhibition. Though our data and others 19, 25 suggest UDP-Galf biosynthesis by nematodes, identification of Galf in a nematode glycan and the galactofuranosyltransferases responsible for addition of Galf remains critical for fully understanding and capitalizing on nematode glycoconjugate biosynthesis.
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